Metamorphosis in amphibians is marked by dramatic thyroid hormone-induced changes that include tail regression. To examine thyroid hormone effects on gene transcription during the early stages of tail resorption, we i jected exogenous genes directly into the caudal skeletal muscle of Xenopus tadpoles and followed their expression in vivo. Gene expression was both strong and reproducible, and it correlated with the amount of DNA injected. Moreover, expression continued as long as the animals were blocked in prometamorphosis by antithyroid drugs (for up to 4 months). Thyroid hormone-dependent effects on transcription were examined by using a palindromic thyroid hormone response element linked to a chloramphenicol acetyltransferase reporter gene. Reporter gene expressions were normalized for transfection efficiency by using a constitutively expressed luciferase construct. Physiological concentrations of 3,5,3' trllodo-L-thyronine (1 nM), applied for 120 hr, produced a 5-fold increase in transcription (P <0.05) from the thyroid hormone response element but did not modify transcription from constitutive viral promoters. This study thus demonstrates that by directly expressing genes in Xenopus tadpole muscle in vivo, one can exploit the powerful experimental advantages of gene transfer systems in an intact, physiologically normal animal.
ABSTRACT
Metamorphosis in amphibians is marked by dramatic thyroid hormone-induced changes that include tail regression. To examine thyroid hormone effects on gene transcription during the early stages of tail resorption, we i jected exogenous genes directly into the caudal skeletal muscle of Xenopus tadpoles and followed their expression in vivo. Gene expression was both strong and reproducible, and it correlated with the amount of DNA injected. Moreover, expression continued as long as the animals were blocked in prometamorphosis by antithyroid drugs (for up to 4 months). Thyroid hormone-dependent effects on transcription were examined by using a palindromic thyroid hormone response element linked to a chloramphenicol acetyltransferase reporter gene. Reporter gene expressions were normalized for transfection efficiency by using a constitutively expressed luciferase construct. Physiological concentrations of 3,5,3' trllodo-L-thyronine (1 nM), applied for 120 hr, produced a 5-fold increase in transcription (P <0.05) from the thyroid hormone response element but did not modify transcription from constitutive viral promoters. This study thus demonstrates that by directly expressing genes in Xenopus tadpole muscle in vivo, one can exploit the powerful experimental advantages of gene transfer systems in an intact, physiologically normal animal.
Amphibian metamorphosis is a striking example of a late developmental switch that results in the reprogramming of the morphological and biochemical characteristics of nearly all of the larval tissues. The process is under complex, obligatory, hormonal control, with a dominant role played by thyroid hormones (1, 2) . Metamorphosis can be induced precociously by thyroid hormones and prevented by prolactin (3, 4) and/or antithyroid agents (5). Thus, amphibian metamorphosis is an excellent model for studying the effects of thyroid hormones on gene expression during vertebrate postembryonic development, since hormone-dependent processes can be manipulated in the free-living tadpoles (6).
The thyroid hormones and in particular the biologically most active form, 3,5,3'-triiodo-L-thyronine (T3), exert most of their diverse effects on target tissues via nuclear receptors (TRs) (7) that belong to the steroid hormone receptor superfamily (8, 9). TRs modulate target-gene expression by binding as dimers to specific DNA sequences known as T3 response elements (T3REs) and regulate the transcription of target genes in the presence of their cognate ligand (10). TRs are encoded by two genes (TRa and TR,B) (9). Two copies ofeach gene are found in Xenopus laevis, and the levels ofexpression of these genes show distinct spatiotemporal profiles during development, with the ,3 receptor being upregulated in tadpoles treated with thyroid hormone (11, 12 kopp and Faber (20) . When the tadpoles reached stages 53-54, just before prometamorphosis, they were transferred for at least 1 month to 20-liter aquaria containing 0.1% sodium perchlorate (Prolabo, Paris) to block development and maintain the animals in early prometamorphosis. The aquarium water was changed weekly. Experimental groups comprised 6-10 tadpoles kept in individual aquaria containing 2 liters of water with perchlorate. For T3-treated animals, T3 (Sigma) was added (1 nM) to aquarium water at 3 days postinjection.
Plasmids. Plasmids were propagated and purified by standard techniques (21). Plasmids were not linearized or otherwise modified before injection.
pTPARE-tk-CAT. This construct contains an 18-bp oligonucleotide having the TGACTCA core sequence of the 12-O-tetradecanoylphorbol 13-acetate response element (TPARE) linked to a thymidine kinase (tk) minimal promoter of herpes simplex virus and the prokaryotic chloramphenicol acetyltransferase (CAT) reporter gene in a pBL2 backbone (22).
pBL2-TRE-tk-CAT, referred to as pT3RE-CAT. This construct, which contains a palindromic T3RE oligonucleotide (TCAGGTCATGACCTGA) from the rat growth hormone promoter inserted in pBL2 upstream of the tk minimal promoter (23), and its control plasmid pBL2-tk-CAT were gifts of E. Prost (Institut Pasteur, Paris).
pCAT-Control, referred to as pSV40-CAT. This plasmid and the promoterless pCAT-Basic (Promega) served as control CAT plasmids.
pAOlnslLacZ. This vector, a gift of J. F. Nicolas (Institut Pasteur, Paris) uses the simian virus 40 (SV40) promoter to drive expression of f-galactosidase with a nuclear localization signal (nsl) peptide.
pGL2-Control. This plasmid (Promega) constitutively expresses luciferase.
Microinjection of DNA. Micropipettes were made by pulling 1.0-mm microcapillary tubing on a standard electrode puller (Narishige, Tokyo). The tips were beveled to an outside diameter of 10-15 um. The micropipette was held by a light-weight manipulator (M-152, Narishige) connected to a microinjector (IM-6, Narishige) with a Teflon tube (inside diameter, 1 mm) filled with distilled water. The injection solution (1 Fl) contained various amounts of pure DNA, usually 0.1-2 ug, in 0.07 M NaCl that was colored lightly with a dilute solution of fast green (Sigma) to allow us to follow the injection procedure visually. The micropipette was inserted obliquely through the left lateral part of the trunk (sixth myomere from the head) to a depth of about 300 ,m. The tadpoles were not anesthetized but were simply placed in an appropriately sized hollow in a wax support. Insertion of the microcapillary caused no apparent stress and the tadpoles did not need to be restrained during the injection procedure.
CAT Enzyme Assay. Assays were performed according Seed and Sheen (24) with slight modifications. The anterior part of the tail was dissected, the skin removed, and the muscle sliced in small pieces and frozen in liquid nitrogen. Each muscle was sonicated by three 10-sec cycles delivered into 500 ,ul of ice-cold 0.25 M Tris HCl (pH 7.5) supplemented with aprotinin (2.5 units) and phenylmethylsulfonyl fluoride (0.1 mM). The homogenate was microcentrifuged for 10 min at 40C (11,000 x g). The supernatant was removed, and aliquots (50 ,ul) were transferred to Eppendorf tubes containing 40pd of 0.25 M Tris HCl buffer (pH 7.5). The reaction was started by adding 10 ,ul of a solution of butyryl-CoA (0.53 mM; Sigma) and [14C]chloramphenicol (0.01 mM, 1.85 kBq per tube; Amersham). The mixture was incubated at 37°C for 1 hr and the butyrylated forms of [14C]chloramphenicol were extracted after centrifugation at 40C (11,000 x g) by addition of 2 volumes of 2,6,10,14-tetramethylpentadecane/xylene, 2:1 (Aldrich). The supernatant (150 ,ul) was removed and the products were quantified in a scintillation counter (LKB).
CAT activity was expressed as percent acylation of total chloramphenicol. The linearity of the assay was confirmed in control muscle homogenates in which known amounts of purified enzyme were analyzed (data not shown).
Luciferase Enzyme Assay. The assay was performed according to the standard protocol (luciferase assay system, Promega) in a single-well luminometer (ILA911, MGM Instruments, Hamden, CT). Luciferase activity was estimated during 1 sec with 50 01 of muscle extract. The light emitted by the reaction was expressed as relative light units (RLU) calibrated by a tritium standard; 103 RLU corresponded to 10 fmol of luciferase (from Photinus pyralis, Boehringer Mannheim) in our assay. The linearity of the assay was verified after addition of purified luciferase enzyme to muscle homogenates (data not shown).
Histochemical Detection of 3-Galactosidase Expression. For histological analysis, tadpoles were sacrificed 96 hr or 1 month after injection of 1 ug of pAOlnslLacZ. The injected muscle was dissected and fixed in 2% formaldehyde/2 mM MgCl2/1.25 mM EGTA/0.1 mM Pipes, pH 7, for 6 hr at 4°C, then immersed in PBS (0.07 M NaCl/0.1 M sodium phosphate, pH 7.4) with 30%o sucrose, and kept at 4°C until analysis. Prior to detection of,Bgalactosidase expression, tissues were permeabilized for 24 hrin PBS containing 2 mM MgCl2, 0.01% sodium deoxycholate, and 0.02% Nonidet P-40. Then ,3-galactosidase activity was revealed by using 0.1% 5-bromo-4-chloro-3-indolyl 3D-galactopyranoside (X-Gal; Boehringer Mannheim) in the permeabilization solution (see above) supplemented with 5 mM K3Fe(CN)6 and 5 mM K4Fe(CN)6.
RESULTS
Spatial and Temporal Expression of Injected DNA. To determine whether gene expression could be detected after direct injection of DNA into the caudal muscle of Xenopus tadpoles, we used expression vectors containing the coding sequences of either f3-galactosidase or CAT. The 3-galactosidase expression vector was used to assess the spatial distribution of expression of the exogenous genes, and the CAT vectors to determine the time course of expression. In the first instance, we examined the f3-galactosidase activity resulting from the injection of 1 pg of pAOlnslLacZ into the caudal muscle. Tadpoles were sacrificed either 96 hr or 1 month after transfection. No (-galactosidase staining was detected in control animals (data not shown), and staining was limited to the nuclei of myofibers, no other cell types being positive (Fig. 1) . Enzyme activity was detected at 96 hr (Fig. 1A) and was still present 1 month after injection (Fig.  1B) . There was a tendency (not quantified) toward an increased number of myofibers showing positive staining for 3-galactosidase activity after 1 month.
Next, to obtain quantitative data on the time course of the expression of injected genes, we followed CAT expression after injection of pTPARE-tk-CAT (0.5 pug per tadpole). We used this construct for the time-course study because initial experiments had shown it gave high expression in the muscle under study. No CAT activity was detectable in muscle extracts 6 or 24 hr after injection (Fig. 2) . CAT activity was first detectable at 48 hr and was found to be stably expressed throughout the first week postinjection, with an average activity of 7.76 + 2.96% chloramphenicol conversion (mean ± SEM, n = 18), and increased thereafter to 28.17 ± 10.68% conversion (n = 10) for the period between 2 weeks and 1 month. The time course of expression from pSV40-CAT was also examined. Ninety-six hours after injection of 1 pg of pSV40-CAT, enzyme activities were 6.7 ± 2.6% conversion (n = 5); these values rose to 138.3 ± 48.6% (n = 5) at 5 months postinjection.
Normalization of CAT Activities. Large variability of CAT expression was observed in all groups (Fig. 2) this problem, we normalized for transfection efficiency by coinjecting a constitutively expressed luciferase construct (pGL2-Control). To establish the validity of the method, a series of coinjections were carried out where 0.1 ,ug of pGL2-Control was coinjected with 0.5 ,g ofpT3RE-CAT into the tail muscle of tadpoles. When CAT and luciferase were assayed in the same muscle homogenate, there was a significant correlation (coefficient of determination, r2 = 0.97) between the CAT and luciferase activities (Fig. 3A) . We then established a dose-response curve of CAT activity obtained by coinjecting increasing amounts of pSV40-CAT with a constant amount of pGL2-Control. When CAT enzyme activity was expressed directly as a function of the amount of plasmid injected, the correlation was r2 = 0.866 and the SEMs for each group were -50% of the mean value. However, when the CAT activity of each muscle extract was normalized against the luciferase activity in that extract, the correlation between CAT activity and the amount of CAT plasmid injected increased to r2 = 0.983 and the SEMs were reduced to <15% of the mean (Fig. 3C ).
T3-Dependent Regulation of Transcription from a T3RE. We next examined the effects of T3 on transcription from a T3RE-containing construct expressed in vivo. Tadpoles coinjected with pT3RE-CAT (0.5 ug) and pGL2-Control (0.1 ,ug) were exposed to T3 (1 nM) added to the aquarium water at 3 days postinjection. days of T3 treatment. As T3-dependent effects on transcription were to be assessed by examining CAT activity normalized against the constitutive luciferase activity, we first analyzed whether T3 treatment had any effect on luciferase activity. Neither 24 hr nor 5 days of T3 treatment had any significant effects on luciferase activity. Luciferase activities (expressed as 103 RLU per muscle) in controls and tadpoles treated with T3 for 24 hr were respectively 87.4 + 9.5 (n = 90) and 84.1 ± 11 (n = 85). After 5 days of T3 treatment, luciferase values were 87.2 ± 16.5 (n = 31) in controls and 66.9 + 12.3 (n = 36) in treated tadpoles. As none of these differences reached significance, we used luciferase activity for normalizing the CAT expression from the physiologically regulated gene.
T3 treatment, whether for 24 hr or for 5 days, had no significant effects on expression from the two control CAT constructions used, pSV40-CAT (data not shown) and that with the tk minimal promoter, pBL2-tk-CAT (Fig. 4) . However, when T3 effects on transcription from the T3RE were examined, different effects were found after 24 hr and 5 days of treatment. When tadpoles were killed after 24 hr of T3 treatment, two types of responses were observed: either no effect of T3 (Fig. 4 Upper, bars 3 and 4) or a significant inhibition (P < 0.01) of transcription (bars 5 and 6). This experiment was carried out four times with at least nine animals per group. On two occasions an inhibitory effect of T3 was observed, and in the other two cases no significant effect of T3 treatment was seen. By contrast, after 5 days of treatment (Fig. 4 Lower), T3 induced a significant increase (P < 0.05) in transcription from the T3RE, the mean CAT activity in the treated group being 5 times that of the control group.
DISCUSSION
This study shows that somatic transfer of DNA into the skeletal muscle of X. laevis tadpoles allows the powerful experimental advantages of gene transfer systems to be exploited in an intact animal. Microinjection of cloned DNA into fertilized Xenopus eggs has been used to examine regulation of genes activated in the very early stages of embryogenesis (25) , but no method for examining tissuespecific gene expression in the later development of this species had been devised. We chose therefore to test somatic gene transfer into the caudal muscle because this muscle provides a particularly interesting model for studying thyroid hormone-induced apoptosis and because plasmid DNA injected into the skeletal muscle of mice can be incorporated into muscle fibers and expressed episomally (17). Indeed our results, like those of Wolff et al. (17) , show that the genes injected are expressed in muscle cells, and no other cell type, around the site of injection and that expression persists, without waning, for up to several months. Two questions arise from these observations. How does the DNA enter the muscle fiber, and how is expression maintained for such long periods? Given the distribution of 3-galactosidase-positive fibers around the site of injection both in the tadpole (Fig. 1) and in the mouse (17), it is likely that some of the DNA enters via the lesions produced by the needle or microcapillary. However, expression is not entirely limited to the injection zone, and so it is possible that some DNA enters through the T-tubule system. Relatively large molecules have been shown to enter muscle fibers via the T-tubule system (26), and the only tissues to express injected DNA are skeletal and cardiac muscle (17) (18) (19) , both of which possess T-tubule systems. As to the persistence of expression, the most probable explanation is that because the muscle injected is mainly postmitotic, the DNA is maintained episomally almost indefinitely. Indeed we found that CAT expression in caudal muscle injected with pSV40-CAT continued as long as the animals were maintained in prometamorphosis by treatment with perchlorate (up to 5 months). In the mouse it has been shown that expression continues for up to 19 months and that the plasmid DNA is not integrated into the genome (17). Thus it is likely that the DNA microinjected into Xenopus tadpole muscle is also retained in the episomal form, not randomly integrated, and the model should therefore be suitable for the analysis of the effects of signal molecules, such as hormones, on defined cis-acting DNA sequences in a physiological context. However, one drawback to using somatic gene transfer for studying the physiological regulation of transferred genes is the wide variability in the levels of expression obtained from injection of a given amount of DNA. As this variability arises largely from variations in injection and transfection effiiciency, we decided to use a second, constitutively expressed gene to normalize the data. We used a luciferase gene because the great sensitivity of methods for detection, and the high level of expression of luciferase protein in Xenopus muscle, enabled us to use nanogram quantities of the plasmid. The results show a highly significant correlation between the activities of CAT and luciferase measured in (Fig. 3A) , and when CAT activities were normalized against the luciferase values there was a reduction in the variability of the CAT values and an increased correlation between the amounts of DNA injected and the resulting CAT activity measured (Fig. 3 B and C) .
We were thus able to start analyzing, in these defined in vivo experimental conditions, the effects of T3 on transcription from the T3RE in the pT3RE-tk-CAT construct, having first checked that T3 treatment modified neither the expression of the virus promoter-driven luciferase construct used for normalizing the CAT data nor that of the different control CAT plasmids tested (pBL2-tk-CAT and pSV40-CAT, see Fig. 4 , and the promoterless pCAT-Basic, data not shown). The effects of T3 treatment on the normalized expression from the pT3RE-CAT construct were strikingly different according to whether the animals were sacrificed after 24 hr or 5 days of treatment (Fig. 4) . After 5 days, T3 induced a clear-cut, 5-fold increase in transcription from the T3RE over the levels seen in controls. This is in agreement with published data on the effects of T3 on transcription from this consensus T3RE both in cell lines (27) and in primary cultures (28). This result shows that after 5 days of T3 treatment the profile of endogenous TRs is sufficient to mediate significant positive effects on T3-dependent transcription in the caudal muscle. Indeed, it has long been debated whether the T3-induced events that lead to apoptosis and tail regression are due to transcriptional effects or inhibition of ribosomal translation mechanisms (29-32). Our data show that T3 can modify transcription from a consensus T3RE introduced into the caudal muscle during metamorphosis.
By contrast, 24 hr of T3 treatment produced either no change in transcription or decreased the transcription from the T3RE (Fig. 4A) . A possible cause that may account for these different responses is that during the first 24 hr the tadpoles are undergoing a rapid change of thyroid status, from a stable hypothyroid to a hyperthyroid condition. An initial effect of T3 treatment during this period will be to induce increased expression of mRNAs encoding TRs. Indeed, the rise in endogenous T3 during metamorphic climax of the Xenopus tadpole (33) is followed closely by a rise in TR, 8 mRNA (11, 34) . Moreover, Yaoita et al. (11) showed that treating premetamorphic Xenopus tadpoles with T3 for 24 hr induced a 20-fold increase in TR,6 mRNA and a 2-fold increase in TRa mRNA. This dynamic situation is also illustrated by the data of Baker and Tata (4) , who reported that when Xenopus tadpoles were exposed to T3 for 48 hr, the level of TR,8 mRNA in vivo was about half-maximal at 24 hr.
Thus, although the data just cited refer to mRNA levels, and little is known about actual receptor proteins during this switch from a hypothyroid to a euthyroid state, we can infer that during the first 24 hr of T3 treatment the levels of endogenous TRs in the caudal muscle are undergoing rapid quantitative and qualitative changes. Moreover, in this work we were using tadpoles that had been rendered hypothyroid by perchlorate treatment. Given that the expression of both TRa and TR,3 mRNAs in the tail is positively regulated by T3 (11), the expression of these genes will probably be suppressed in the caudal muscle of perchlorate-treated tadpoles. The hypothyroid animals will then have a different, lower, baseline of TR expression in the caudal muscle, and the T3-dependent increase in expression of TR mRNA will be delayed with respect to control animals.
Thus, the fact that we observe two categories of T3-dependent transcriptional responses (either no effect or a significant inhibition) after the first 24 hr of hormone treatment may reflect the variable and rapid changes occurring in the profiles of TRs and, perhaps, of auxiliary proteins during this transitional period (35). Indeed, data from in vitro studies show that both TR/T3RE interactions and the transcriptional effects of T3 are modified by receptor dimer composition. TR homodimers have lower DNA-binding characteristics and lesser transcriptional effects than heterodimers (36-38). Further, many heterodimer configurations are possible: TRa/ TR,8 dimers (36), dimers of a given TR with an auxiliary protein such as TRAP (39), or TR/retinoid X receptor complexes (37, 38) . The model developed here will allow the effects of TR homodimers and heterodimers on T3-dependent transcription in vivo to be tested.
